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without a transformer, it can be designed using IC- technology
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A DIRECT VOLTAGE CONVERTER WITHOUT TRANSFORMER

T. Kuzmiszkina and A. Matusewicsz
Sevastopol Instrumentation Tnstitute (T.K.) and Telecommunications
Tristhtuterofithe Gdansk Polytéchnical University (A.M.)

Various designs of dc-de converters with a varying supply /23%
voltage are known in the technical literature and in practical
applications.

A common feature of known converters, regardless of the sys-
tem used, is that the de voltage from the supply source is
transformed inteiamac-volitage. The dc voltage obtalned is in-
¢reaseéd or decreased using a transformer with an appropriately
selected current ratio. The voltage is then rectified and filtered.
The magnetic flux passing through the transformer windings trans-
fers the energy from the supply source to the load.

The necessity of using a transformer makes miniaturization
of the converter much meore difficult, and it cannot be designed

as an integrated circuit.

This paper describes a capacitor-switeh converter in which
the capacitor charged from the supply scurce and discharged into
the load circuit transfers the energy. The capacitor is charged
and discharged periocdlcally with a frequency determined by an
appropriate electronic system.

Operating Principle of the Converter

The prineciple on which the single-throw converter which
doubles the voltage operates is 1llustrated in Fig. 1. During

. ¥ Numbers in the margin indicate pagination in thé foréign text.



battery, and it is charged to the voltage ue = Up. When 1t 1s
discharged, the capacitor 1s connected in parallel to the supply
source. In this situation the voltage

u, = Ug + up = 2Up /24

is applied to lcad Ro-

g Y o

T

2t

up

Fig. 1. Operating principle of single-throw converter
doubling the voltage: a) charging; b) discharging;
c) voltage across load.

As a result of discharging the capacitor, the voltage across
the load decreases exponentially. After a définite time period,
the capacitor must again be serially connected to the source to
equalize the charge. When the capacitor 1s charged periodically,
the voltage curve across the load showi in Fig. lec 1s obtained
in the system under consideration.

To fill the interval between successive voltage pulses ug,
the double~throw converter systemshown in Fig. 2a can be used. This
system includes two capacitors Cq and Cy, together with appro-
priate switches. The switches are connected and synchronized in
such a way that when capacitor C1 is charged, capacitor Co 1s
discharged in the load clrcult R, and vice-versa.

The veoltage across the load in the double-throw converter is
shown in Fig. 2b. At the moments when capacitors €7 and Co are
switched, the voltage across the load drops to zero. This can
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Fig. 2. a) Double-throw converter system; b) cutput volL
tage; c¢) output voltage after capacitor C, has been
connected.

be avolded by connecting serilally to the load capacitor Cq, as
indicated in Fig. 2 by the dashed line., In this system, the
charge accumulated in capacitor C, will maintain the voltage at
the converter output at the switching moments, and the voltage
curve U, obtalned 1s shown in Flg. Z2c.

For an appropriately selected switching frequency and a large
capacitance of the capacitors used, the variable-voltage component
Aug at the output (Fig. 2) will be sufficiently small. When
necessary, an additional low-pass filter can be used at the output
besldes capacitor Cg,.

In the double-throw converter system discussed (Fig. 2),
each half-period the supply battery equalizes the charge in one
capacitor and, at the same time, supplies a serially connected
charge to the other capacitor. From here it is evident that the
battery is charged by a current which is twice as high as the
current flow in the lcad, whereas the voltage across the load is
twice as high as the supply voltage. When there 1s no charge,
Ry » =, both capacltors are charged to Ug volts, and the current
arawn from the battery drops to zero. When the load resistance
1s reduced, the battery current increases correspondingly. It is
evident from the discussions presented above that the capacitor-
switch converter under consideration béhaves like a 1:2 dc




step-up transfeormer. When n converter stages are connected, the
output voltage is Up-2" (Fig. 3). Other oupput voltage values,
for example, 3Un, 6UB, 7Up, etec., can be obtained between the

stages of such a cirecuit.

& doubling of the dc voltage 1s also obtained in the system
shown'in Fig. 4. The operating principle is the same as in the
system shown in Fig. 2a. The supply source which is swiltched
periodically with the frequency determined, alternately charges
capacltors C1 and Cp to voltage Ug. The serially connected
capacitors supply leoad R, with the voltage 2Ug{ A possible short-
coming 1s that the supply source 1s not connected electrically to
the load; hence, it is not possible to ground simultaneously the
source Ug and the load Rg.

The converter system (Fig. 4) can be built using n serially
connected capacitors (Fig. 5). The selector switch, which is
swltched with a particular frequency, charges sequentially all
capaclitors Cy...Ch to the voltage Ug. The sum of the voltages
nUg appears across load Ry. The switching frequency and the
capacitance of the capacltors used must be suffilciently high, so
that the voltage changes on the capacitors during the full ../ :
charging cycle resulting from the discharge due to the charging
are negligibly small.

When the supply source Ug and load Ry are replaced at points
in thecsystems shown in Figs. 4 and 5, we obtain a converter
which reduces the de voltage twice (Fig. 6a) and n times (Fig. 6b).
Such a converter behaves like a 2:1 or n:1 step-down transférmer.

The watt-hour efficiency of the capacitor-switch converter
can be very high if the capacitors are gooddcharge retainers. The
only reason for power losses are the serles-~connected resistors
of the switches and capacitecrs, In the actual design of the
converter, these losses should not play an important role.
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transistor bases T7-Ty in such
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a manner that in the first

= 1Py half-period transistors Ty and
- __;]:_f@m{_ 4 Ty are highly conductive and
Fig. 5. Capacltor-switch con- in the saturation state,
vetter increasing de voltage

whereas transistors Tp and T3
are blocked. 1In the next

n times,

half-period transistors Ty and
T) remaln: blocked whereas transistors Tp and T3 are highly
conductlve.



The voltage drop across

the conducting transistors
is véry small., In the first

half-periocd, due to the small

voltage drop in transistor

T1, capacitor C1 remains

serially connected to the

Fig. 6. Converter reducing”
voltage: a) twice; b) n times.

supply source, and 1t is
discharged through dlocde D
and locad Ry. A voltage which
is equal to the sum of the

f & T é - supply voltage Up and the
EG FW ) voltage u,1 1s applied to
the load. At the same time,
{%?ﬁ_ _—mgﬂ;' I &“F% capacitor Cs 1s charged
; — a through diode D3 and the
f o _1 conductlive transistor Th to
{ gL‘4<L a voltage u,, = Ug. After
| ‘@==!w” the multivibrator is switched,
%i ET“" capacitor C, makes the transi-

. - tion to the charging state
Fig. 7. Converter aecéording to
Fig. 2a using transistorized

diode :switches. : tor T,, whereas transistor Ca,

through diode D1 and transis-

Key: a. Multivibrator charged earlier, 1s discharged
serially with the supply source
Ug voltage through diode Dy

and load Rg;.

The purpose of the analysis presented below 1s to explain
the effect of the switching frequency and the capacltance on the
operating conditions and efficlency of the converter shown in
Fig. 7.

Let us first consider the discharging cycle. The equivalent
circult taken from the system represented in Fig. & is shown in
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Fig.’8. Discharging cycle: a) element in discharging
circuit; b) transistor and diode réplaced by nonlinear
element ry,; c) voltage across capacltor

Fig. 8a. The highly dorductive transistor and the diode can be
replaced by a single nonlinear element with the characteristic

1(u), obtained by adding the characteristics of the individual

elements {Fig. 8b). The voltage curve U, during the discharge

is shown in Fig. 8ec.

If we impose the condltion that the change in voltage across
the capacitor during the discharging cycle be small Su, << Ugs
we can assume the current in load Ry to be practically constant,
so that

ouy = § 7O (1)

where 1 is the duration of the discharging eycle.

In the discharging cycle the voltage across the capacitor
ts reduced from the initial value ué to the value u;

u = uf—du, (2)

We will now discuss the charging cycle. The circuit acti-
vated in the chargling cycle is shown in Fig,. 9a. The voltage ug
achSs the capacitor increases from the value uc to the value
uc, with



. o= Upg~ypu

(3)

where y, denotes the voltage loss occurring due to the incomplete

charging of the capacitor through the nonlinear element rp.

We

will apply the intermediate method illustrated in Fig, 10.

Fig. 9. Charging cycle:
a) charging circuit; b) voltage
across capacltor.
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Fig.-lo. Illustration for cal-
culation of capacitor charging
curve across nonlinear element

I‘n.
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The figure discussed
shows the characteristic #(u)
of the nonlinear element r,.
In the case under consldera-
tion, 1t is the resulting
characteristic} of diocde DMGS,
serially connected to
transistor BUYS4, if the ¢ -
translstor base current is
20 mA.
a selected moment of time,

Let us assume that at

which we denote arbitrarily
by t = 0, the voltage

U, = Ug - u, is applied to

o)
the system shown in Fig. 9a.
Let us determine the time At
after which the voltage agross

r, decreases by the value Aul.

1 t

A
_ meanl ™ "1 ~
Auy = C imeanl h
) io + 11
2
From the above
Af Cohuay
i
mean 1



Dividing the time interval At by the capacitance C, we obtain the
normalized time, which 1s independent of the values given.

Using expression (Y4) and the values determined in Fig. 10,
we can calculate the next time Interval Aty in which the voltage
across ry, changes from ug to us:

¢ imeanz
The time ty corresponding to a change in the voltage from ug fo
U, can be calculated in this manner:

it _21_@_- Zﬂ‘.‘. (5
| ¢ "L Thean >

Makling the calculatlons for different values of n, we obtain
the relationship sought between the change in the voltage at the
nonlinear element and the time which elapsed since the switéhinge
moment, i1.e., since the moment at which the charging cycle began.
This relationship 1is calculated on the basls of the graph of i(u)
shown in Fig. 10, and 1t 1s plotted in Fig. 11. The scale t/C
is linear. The graph of u(t/C) can also be extended to the left
of the point t = 0, where the initial point u_. on the charac-

o
teristic i(u) was taken arbitrarily.

The curve in Fig, 11 gives the values of the current flowing
through the nonlinear element under consideration, which corres-~
pond to the values of the voltage read off on the ordinate.

We will now discuss the use of the graph obtained.

For designing the converter system, we must start ocut with
the reqiaired value of the current i drawn through the load and
use the admissible value for the change in voltage Su. in the
charging cycle (Fig, 8c). Prom expression (1Y we obtain:

/26



o o

(6)

The value of 1/C calculated from the above can be determined by
taking C as the value of the capacitance and by selecting the
switching frequency (1t is the switching half-period).
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Fig. 11. Auxillary nonlinear
capacitor charging curve
(graphic construction explalned
in text).

Using the graph plotted
in Fig. 11, we can deter-
mine the range for the
variation in the voltage at
the nonlinear element rg,
during the charging cycle
and the range for the
varigtion in the charging
current. To this end,
we must find on curve
u(t/€¢Y two points p and k
denoting the beginning and
end of the charging cycle
whose coordinates satiasfy the
following conditions:

Up~Ug r= S,

tk tp T (7)

We can use an auxiliary drawing, i.e., a right-angled triangle
whose vertical leg 1ls edqual fto the asstmed value of 6&0 and whose
horizontal leg is equal to the calculated value of T/C. The
auxiliary triangle drawn on tracing paper is superimposed on the
drawing and displaced paralfel to 1t until the vertices p and k
of the trilangle intersect the curve as indicated in Fig. 11 by

the dashed lines.

10



Next, the values of the Initial current ip, of the final
current Iy and the weiltage loss yu can be calculated. The mean
voltage across the capacitor during the discharging cycle will

be calculated from the expression

1
= —prt— = S,
The mean veoltage across the leoad 1s (Fig, 8): o/
) u,,=2UB—yu—-§-6uc—'u{i) \ (9

In this expression u(i)‘is the voltage drop across the nonlinear
element r, occurring in the discharging circuit.

For a constant ratio t/C, a current increase in the load
results in an Increase in Suc. The vertical leg of the auxiliary
right-angled triangle becomes longer, and the triangle is displaced
along the curve to the left, i.e., in the directionoof higher
currents. The voltage loss Tu increases, and the mean voltage
across the load determined from expression (9) decreases. Making
similar caleulations for two different values of the current in
the load and determining the change in the mean ¥oltage across the
loads, the internal resistance of the converter can be determined.

For a direct current in the load, a decrease in the ratio 1/C
brings about a prpportional decrease in the component Su,. The
inclination of the hypotenuse of the auxiliary triangle does not
change. At the limit, as t/C + 0, du, = 0. The vertices p and k
of the triangie converge tb a single point in the drawing, at
which the hypotenuseof the auxiliary triangle becomes the tangent
to the curve. The current flowlng at this time through the
nonlinear element during the charging cycle is nearly constant and
equal to the current drawn through the load.

11



In the double-~throw converter shown in Fig. 7, the supply.
source Up supplles at each instant the current directly to the
load R, connected serially to the discharged capacitor (Fig.
8a,bdland at the same time supplies the circuit of the second
capacitor whieh is in the charging state (Fig. 9a). The currents
in both branches are nearly equal,

The power generated in the locad 1s Py, = i,1, and the power
from the supply source is Pg = 2Ugl. The watt=hour efficiency
of the converter can be described by the formula

1
a4+ 6uc+u(€}
553421____3,__-- (10)
ki P 2lg
S

.

#

Assuming for the sake of simplicity that du, = 0 and yu = -
= u(i), we obtaln

=Ty (11)

After the condition t7€ - 0 is satisfied, to obtain high
efficiency, diodes and transistors wilth minimal veolftage drop for
a given current must be used. In this respect, germanium diodeé
are undoubtedly superlior to silicon diocdéss The transistor base
current must be sufficient to ensure operation in the saturation
state, even when the maximum current flows through the transistor.

To calculate efficiency, the power drawn by the keying
multivibrator and by the transistor base circults must be taken
into account. If the system is designed carefully and transis-
tors with a high value of hgl are used, the drop in efficiency
should not exceed several percent.

Numerleal Exanmple

To 1llustrate the discussion, let us design a converter which
doubles the voltage and operates in the system shown in Filg. 7.

12



The 1nitial data for the deslign are:

supply voltage Ug = 12V

R

-- initial voltage ug = 24 V

-— chargihg current 1 0.5 A

-- pebmigsiblenyoitageme¢hangés du, < 0.2 V.

We will use DMG5 diodes and BUY5Y4 transistors. The re-
sulting characteristic of the nonlinear element r, during the

charging cycle is shown in Fig. 10. The auxiliary characteristic

calculated on the basis of this graph is shown in Fig. 11.

From Eq. (6) we calculate

Let us make capacltance C
corresponding required Switching frequency

fp = 1/2t = 1.25 KkHz.
Using the auxiliary drawing shown in Fig. 11, we contruct
a right-angled triangle wlth the legs Suc = 0.2V, T/C = 0.4 &
and shift it so that the vertices p and k lie on the curve
fiit/C). Using the graph constructed we obtain the following
numerical values:

Yp

ip

0.82 v U yu = 0.52 V

640 ma fy = 370 mA.

The voltage drop across the nonlinear element foraa current

i = 500 mA is u(i) = 0.62 V. The mean voltage across the load

1000 wF/12 V and caleculate the

13
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will be, according to 'Eq. (9):

Ug = 24 - 0,52 - 0.1 -~ 0.62 = 22,76V

The power output generated in the foad is:

Py = 22.76 V0.5 A = 11.38 W

The watt-hour effiﬁiency calculated from Eqg. (11) is

(155} 100% = s J

The power ‘loss Py, -in the circults of the two active transistor
bases with the assumed base current iy = 20 mA is

Ppb = 2Ug"ip = 24 V.20 mA = U480 mW

Let us assume for preliminary orientation purposes that the
power drawn by the control multivibrator is

LI

—n

Pp = 12 V'5 mA = 67 mW

After the additional power .drawn by the base circuits and the
multivibrator is taken Into account, we obtain the resulting
efficiency of the converter

n

res - 0%

It is evident from the example presented that the converter
system under consideration has a high watt-hour efficiency, which
is better than the efficlency of conventional transistorized
converters with a transformer.

The practical systems built confirmed the possibility of using
dc voltage converters without a transformer for the supply of low-
power and high-power equipment using de powér ranging from several
millivolts to several hundred watts.
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